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Summary

Mouse embryonic fibroblast (MEF) cells are commonly used as feeder cells to maintain the
pluripotent state of stem cells. MEFs produce growth factors and provide adhesion molecules
and extracellular matrix (ECM) compounds for cellular binding. In the present study, we com-
pared the expression levels of Fgf2, Bmp4, ActivinA, Lif and Tgfb1 genes at the mRNA level and
the level of Fgf2 protein secretion and Lif cytokine secretion at passages one, three and five of
MEFs isolated from 13.5-day-old and 15.5-day-old embryos of NMRI and C57BL/6 mice using
real-time PCR and enzyme-linked immunosorbent assay. We observed differences in the
expression levels of the studied genes and secretion of the two growth factors in the three pas-
sages of MEFs isolated from 13.5-day-old and 15.5-day-old embryos, respectively. These
differences were also observed between the NMRI and C57BL/6 strains. The results of this study
suggested that researchers should use mice embryos that have different genetic backgrounds
and ages, in addition to differentMEF passages, when producingMEFs based on the application
and type of their study.

Introduction

Mouse embryonic fibroblasts (MEFs) are cells isolated from mice embryos during the mid-ges-
tation stage and cultured ex vivo. Because of the ease of extraction and isolation of the cells from
different mice models, MEFs are widely used for studies of cell growth control, response to DNA
damage response and genetic functions (Lengner et al., 2004). MEFs are a valuable resource for
analyzing genetic changes at the cell level. Because of their unique properties, MEFs are particu-
larly useful in cancer research (Durkin et al., 2013). MEFs have been used to produce iPS cells
(Takahashi and Yamanaka, 2006). They are mainly used for stem cell cultures, including embry-
onic stem cells (ESCs) and iPS of mice (Evans and Kaufman, 1981; Martin, 1981; Rajarajan et al.,
2012), humans (Thomson et al., 1998; Rajarajan et al., 2012), pigs, dogs, cattle, horses, cow
(Rajarajan et al., 2012; Ezashi et al., 2016), monkeys (Fang et al., 2014), rabbits (Honda, 2013)
and rat (Ueda et al., 2008; Rajarajan et al., 2012) ESCs. In addition, MEFs are also used to culture
EpiSCs (Brons et al., 2007; Tesar et al., 2007), spermatogonial stem cells (Kanatsu-Shinohara et al.,
2003; Kubota et al., 2004; Azizi et al., 2016, 2019) and human dental pulp cells (Liu et al., 2018).
These cells support stem cells by producing growth factors and cytokines (Chen et al., 2012). In
addition, they provide adhesion molecules and ECM components to bind the stem cells to each
other and maintain these stem cells in an undifferentiated state (Llames et al., 2015).

MEFs, also called feeder cells, can secrete 136 specific and unique proteins into the culture
medium (Lim and Bodnar, 2002). These growth factors are divided into three groups based
on differentiation effects on stem cells. The first group (Activin A and Tgfb1) seems to inhibit
the differentiation of stem cells into the endoderm and ectoderm, but allows these cells to differ-
entiate into mesoderm (muscle). The second group (Fgf2 and Bmp4) includes growth factors that
induce differentiation into the ectoderm as well as the mesoderm in stem cells. The third group
(Ngf andHgf) induces differentiation into the three embryonic lineages (endoderm, ectoderm and
mesoderm) (Schuldiner et al., 2000). One of the cytokines secreted by feeder cells is Lif, which is a
key factor in the maintenance of stem cells in various animal species (Ohtsuka et al., 2015).

The unique features of pluripotent stem cells (ESCs and iPSCs) make these cells suitable for
research in developmental biology, developmental genetics, cell therapy, tissue engineering and
drug testing (Assadollahi et al., 2019a, 2019b, 2019c; Soleimani et al., 2020). To maintain both
self-renewal and pluripotency, these cells are usually cultured on a substrate of cells (feeder
layer) (Zou et al., 2016). The most common feeder layer used for culturing these cells is
MEFs (Chen et al., 2012). Other cell lines, such as an immortal line of mice fibroblasts
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(STO lineage), human bladder carcinoma cell line 5637, an immor-
tal Chinese hamster ovary line (CHO) and 3T3 cells are also used to
culture ESCs and iPS. In addition to these cells, many human cells
have been used as feeder layers to produce and cultivate stem cells,
especially pluripotent stem cells (Eiselleova et al., 2004). The
results of studies have shown that MEFs support stem cell growth
under undifferentiated conditions better than other feeder cells.
For this purpose, they are inactivated by radiation or mitomycin
C and used as a protective layer (Eiselleova et al., 2004).
However, studies have shown that inactivation of MEFs with mito-
mycin C and/or radiation may change the synthesis of growth
regulator proteins, including several signalling proteins such as
Wnt-3 (Xie et al., 2004).

Given that mechanisms of self-renewal maintenance in stem
cells are unknown, it is not easy to optimize an appropriate culture
system that can effectively support the isolation and maintenance
of specific stem cell properties (Niwa, 2001). It has been shown that
providing PSCs depends on the type, source and quality of the
feeder layer (Richards et al., 2003; Eiselleova et al., 2004;
Pekkanen-Mattila et al., 2012). The potential for pluripotency
and differentiation of these cells depends on the type and level
of environmental factors secreted by the feeder cells encountered
by these stem cells (Eiselleova et al., 2004; Pekkanen-Mattila et al.,
2012). Various studies have used different MEF passages as feeder
layers. MEFs at greater than 4–6 passages could not retain ESCs
under undifferentiated, pluripotent and self-renewal conditions
in some studies (Li et al., 2003). MEFs at than five passages could
not support ESC proliferation (Li et al., 2004).

The purpose of this study was to evaluate the expression levels
of Fgf2, Bmp4,ActivinA, Lif and Tgfb1 genes inMEFs isolated from
13.5-day-old and 15.5-day-old embryos at passages one, three and
five in twomice strains, C57BL/6 andNMRI.We also evaluated the
secretions of cytokine Lif and Fgf2 proteins in the culture medium.

Materials and methods

Preparation of MEFs and collection of conditioned medium

MEFs were derived from the NMRI and C57BL/6 mouse strains.
Pregnant females were sacrificed by cervical dislocation at days
13.5 and 15.5 of gestation and embryonic fibroblasts were prepared
by the most common protocol using trypsin–EDTA (Behringer
et al., 2014). Primary mouse fibroblasts were expanded overnight
in DMEM-LG supplemented with 10% FBS and 1% penicillin–
streptomycin. For all experiments, we used the first, third and fifth
passages of the mouse fibroblasts.

The timeline for collection of the conditioned medium was 24 h
after the first, third and fifth passages. Briefly, NMRI and C57BL/6
feeder cells were plated on 25 cm2 gelatin-coated flasks at a density
of 104 cells cm–2. Cell viability and cell counts were determined
using trypan blue staining. Passage one, three and five fibroblasts
were mitotically inactivated using mitomycin C treatment for 3 h,
Sigma-Aldrich). Samples from the conditioned medium were col-
lected from these cultures after 24 h.

We collected 500-μl aliquots of conditioned medium from each
25-cm flask that contained 5ml of medium. The aliquots were cen-
trifuged and stored at −80°C until use.

Detection of Fgf2 and Lif secreted by feeder layers

We evaluated the amount of Lif and Fgf2 in the conditioned
medium with commercially available enzyme-linked immuno-
sorbent assay (ELISA) kits: Mouse LIF DuoSet (DY449; R&D

Systems) and Mouse FGF basic DuoSet ELISA (DY3139-05;
R&D Systems). All samples were measured at least in quadrupli-
cate and the culture experiments were repeated twice with similar
results.

Quantitative real-time polymerase chain reaction (qRT-PCR)

We extracted total RNA from theMEFs using a Cultured Cell Total
RNAMini Kit (Favorgen Biotech Corp., Pingung, Taiwan). cDNA
synthesis was performed using the Revert Aid First Strand cDNA
Synthesis Kit (SinaClon, Tehran, Iran). Quantitative real-time pol-
ymerase chain reaction (qRT-PCR) was carried out using a SYBR
Premix Ex Taq Kit (TaKaRa, Kyoto, Japan). Mouse β-actin was the
reference gene for normalization of the relative qRT-PCR data.
Data were calculated using the ΔΔCt method. Table 1 lists the
PCR primers used in this study.

Statistical analysis

All experiments were repeated at least three times. The SPSS 21.0
software package (SPSS Inc., Chicago, IL, USA) was used for the
statistical tests. All the data were prepared using one-way analysis
of variance and a P-value < 0.05 was considered to be statistically
significant.

Results

Expression of Bmp4, Fgf2, ActivinA, Lif and Tgfb1 in passages
1, 3 and 5 of MEFs from 13.5-day-old and 15.5-day-old
C57BL/6 embryos

Figure 1(A) compares the expression levels of Bmp4, Fgf2,
ActivinA, Lif and Tgfb1 genes in the assessed passages of MEFs
from 13.5-day-old C57BLl/6 embryos. The highest expression lev-
els of the Fgf2, ActivinA, Lif and Tgfb1 genes were observed in pas-
sage 1 (P< 0.05). There was no significant difference in expression
observed between passages 1 and 5 for the Tgfb1 gene. Also, the
expression levels of Fgf2, ActivinA, Lif and Tgfb1 genes in passage
3 were greater than those in passage 5. This difference was not sig-
nificant for the Lif gene and significant for the other genes
(P< 0.05). The highest expression of Bmp4 was observed in pas-
sage 5, which was significantly higher than passages 1 and 3
(P< 0.05). The difference in the expression level of Bmp4 in pas-
sages 1 and 3 was not significant.

Figure 1(B) compares the expression levels of Bmp4, Fgf2,
ActivinA, Lif and Tgfb1 genes in passages 1, 3 and 5 of MEFs from
15.5-day-old C57BL/6 embryos. The highest expression levels of
Fgf2, Bmp4, ActivinA and Tgfb1 genes were observed in passage
5 MEFs. For the Bmp4 gene, the expression of this gene in passage
5 was not significant compared with passage 1; in other cases, the
level of significance was equal to P< 0.05. There was no significant
difference found in Fgf2 gene expression between passages 1 and 3.
Expression levels of ActivinA and Tgfb1 were not significant
between passages 1 and 3. The highest expression of the Lif gene
was related to passage 1. The difference in Lif expression between
passages 3 and 5 was not significant.

Expression levels of Bmp4, Fgf2, ActivinA, Lif and Tgfb1 genes
in different passages of MEFs from 13.5-day-old and 15.5-day-old
C57BL/6 embryos showed that Fgf2 expression increased in pas-
sage 1 in MEFs from 13.5-day-old embryos compared with those
from 15.5-day-old embryos and increased during passages 3 and 5
in MEFs from the 15.5-day-old embryos compared with the same
passage number MEFs in 13.5-day-old embryos. This increase was
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Table 1. Primer sequences used in the present study

Gene symbol Sequences Size (bp) Accession number

Lif F: AGCCCTCTTCCCATCACC 257 NM_008501.2

R: ATCCGATACAGCTCCACCAAC

Bmp-4 F: AGTAGATGTGAGAGGGTGGTG 297 NM_001316360.1

R: GGAATCATGGTGTCTCATTGG

Tgfb-1 F: TGGAGTTGTACGGCAGTGG 162 NM_011577.2

R: CGGTTCATGTCATGGATGGTG

ActivinA F: GGAGAACGGGTATGTGGAG 221 NM_002192.4

R: TGGTCCTGGTTCTGTTAGC

Fgf-2 F: CCAACCGGTACCTTGCTATG 131 NM_008006.2

R: ACTGGAGTATTTCCGTGACC

β-actin F: GTGACGTTGACATCCGTAAAGA 245 NM_007393.5

R: GCCGGACTCATCGTACTCC

Figure 1. Bmp4, Fgf2, Activin A, Lif and Tgfb1 expression levels in passages 1, 3 and 5 of MEFs from 13.5-day-old and 15.5-day-old C57BL/6 embryos determined using qPCR. (A)
Comparison of the relative expression levels of Bmp4, Fgf2, Activin A, Lif and Tgfb1 in passages 1, 3 and 5 of MEFs from 13.5-day-old C57BL/6 embryos. (B) Comparison of Bmp4,
Fgf2, Activin A, Lif and Tgfb1 expression levels in passages 1, 3 and 5 of MEFs from 15.5-day-old C57BL/6 embryos. (C) Comparison of the expression levels of Bmp4, Fgf2, ActivinA, Lif
and Tgfb1 genes in assessed passages of MEFs from 13.5-day-old between 15.5-day-old C57BL/6 embryos. (*) and (**) represents significant differences (P< 0.05) and (P < 0.001) in
gene expression level respectively. The experiments were replicated three times.

552 Choupani et al.

https://doi.org/10.1017/S0967199421000083 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199421000083


only significant in passage 5 (P< 0.05). The Bmp4 gene showed
greater expression in passages 1 and 5 in MEFs from 15.5-day-
old embryos compared with passages 1 and 5 in MEFs from
13.5-day-old embryos; however, in passage 3, the gene expression
was higher in theMEFs from 13.5-day-old embryos compared with
those from 15.5-day-old embryos (P< 0.05). In passages 1 and 3,
there was greater ActivinA gene expression in the MEFs from 13.5-
day-old embryos compared with the same passages from 15.5-day-
old embryos (P< 0.05). However, passage 5 of the MEFs from
15.5-day-old embryos had greater ActivinA gene expression com-
pared with those from 13.5-day-old embryos. The expression pat-
tern of Lif was greater in passage 1 of the MEFs from 15.5-day-old
embryos compared with the ones from 13.5-day-old embryos,
whereas Lif expression in passages 3 and 5 of the MEFs from
13.5-day-old embryos was greater than its expression in the same
passages of MEFs from 15.5-day-old embryos (P< 0.05). Tgfb1
gene expression in all three passages of MEFs from 15.5-day-old
embryos was higher than MEFs of 13.5-day-old embryos
(P< 0.05) (Fig. 1C).

Expression of Bmp4, Fgf2, ActivinA, Lif and Tgfb1 in passages
1, 3 and 5 of MEFs from 13.5-day-old and 15.5-day-old NMRI
embryos

Figure 2(A) shows a comparison of the expression levels of Bmp4,
Fgf2, ActivinA, Lif and Tgfb1 genes in the assessed passages from
MEFs of 13.5-day-old NMRI embryos. The Fgf2 gene had a signifi-
cantly higher expression in passage 1 MEFs compared with pas-
sages 3 and 5 (P< 0.05). Although Fgf2 expression was higher
in passage 3 compared with passage 5, this difference was not sig-
nificant. Both Bmp4 and Lif genes had the highest expression levels
at passage 3 compared with the other two passages (P< 0.05,
P< 0.001). Expression of these genes in passage 1 was greater than
passage 5 (P< 0.05). ActivinA had the highest expression in pas-
sage 1 followed by passage 5 (P< 0.001). There was no significant
difference in expression of this gene between passages 3 and 5. The
expression pattern of Tgfb1 was similar to Fgf2, except that its
expression was significant between passages 3 and 5 and the level
of significance between passages 1 and 3 and passages 1 and 5 was
P< 0.05 and P< 0.001, respectively.

Figure 2(B) compares the expression levels of Bmp4, Fgf2,
ActivinA, Lif and Tgfb1 genes in passages 1, 3 and 5 of MEFs from
15.5-day-old NMRI embryos. The highest expression of Bfgf2 was
observed in passage 1 and this increase was only significant for pas-
sage 1 compared with passage 5 (P< 0.05).The highest expression
levels of the Bmp4 and Tgfb1 genes were observed in passage 3
(P< 0.05, P< 0.001). The expression levels of these two genes in
passage 1 were greater than those in passage 5 (P< 0.05,
P< 0.001). The ActivinA gene had the highest expression in pas-
sage 1 (P< 0.001). The difference in ActivinA expression between
passages 3 and 5 was not significant. The highest LIF expression,
such as the Bmp4 and Tgfb1 genes, was observed in passage 3, but
this increase was only significant compared with passage 1
(P< 0.05). In addition, Lif expression in passage 5 was higher than
passage 1 (P< 0.05).

Bmp4, Fgf2,ActivinA, Lif andTgfb1 gene expression levels in the
assessed passages of MEFs from 13.5-day-old and 15.5-day-old
embryos of NMRI mice were compared. The Fgf2 gene had higher
expression in all three passages of MEFs from 13.5-day-old
embryos compared with MEFs from 15.5-day-old embryos. This
increase was significant in passages 1 and 3 (P< 0.05). Bmp4
expression increased in all passages of MEFs from 13.5-day-old

embryos compared with the ones from 15.5-day-old embryos
(P< 0.001). ActivinA expression increased in passages 1 and 5
of the MEFs from 13.5-day-old embryos and in passage 3 of the
MEFs from 15.5-day-old embryos. This increase was only signifi-
cant for passage 1 (P< 0.05). The Lif gene had higher expression
levels in passages 1 (P< 0.05) and 3 (P< 0.001) ofMEFs from 13.5-
day-old embryos compared with the ones from 15.5-day-old
embryos. Lif had greater expression in passage 5 of the MEF from
15.5-day-old embryos compared with MEFs from 13.5-day-old
embryos. This increase in expression was not significant. The
Tgfb1 gene had increased expression in passage 1 of theMEFs from
13.5-day-old embryos and in passages 3 and 5 of MEFs from15.5-
day-old embryos (P< 0.05) (Fig. 2C).

Comparison of the expression levels of Bmp4, Fgf2, ActivinA,
Lif and Tgfb1 genes in passages 1, 3 and 5 of MEFs from
15.5-day-old NMRI and C57BL/6 embryos

We compared the expression levels of Bmp4, Fgf2, ActivinA, Lif
and Tgfb1 genes in different passages of MEFs taken from 13.5-
day-old embryos of NMRI and C57BL/6 mice. The results showed
that expression levels of Bmp4, Fgf2, ActivinA and Lif genes in pas-
sages 1, 3 and 5 MEF from NMRI embryos were greater than those
from C57BL/6 embryos. This increase was significant for all of the
genes (P< 0.05, P< 0.001), except for Lif in passage 5. Tgfb1 gene
expression in passages 1 and 3MEF fromNMRImice embryos was
greater than in C57BL/6 embryos (P< 0.05, P< 0.001). However,
the increase in Tgfb1 gene expression at passage 5 in MEF from
C57BL/6 embryos compared with NMRI embryos was not signifi-
cant (Fig. 3A).

A comparison of the expression levels of Bmp4, Fgf2, ActivinA,
Lif and Tgfb1 genes in the assessed passages of MEFs from 15.5-
day-old NMRI and C57BL/6 embryos showed that the Bmp4 gene
in the NMRI compared with C57BL/6 MEFs increased in passages
1 and 3. This increase was only significant in passage 3 (P< 0.001).
Bmp4 gene expression in passage 5 MEF from C57BL/6 mice
embryos was greater than in NMRI embryos (P< 0.05). Fgf2 also
had an increase in MEFs from NMRI embryos compared with
C57BL/6 embryos for all three passages. This increase was signifi-
cant only in passages 1 and 3 (P< 0.05). In all three passages, we
noted more expression of ActivinA in NMRI compared with
C57BL/6 MEFs (P< 0.001). The Lif gene was expressed more in
passages 3 and 5 MEFs from NMRI compared with C57BL/6
embryos (P< 0.05), whereas Lif expression in passage 1 of
MEFs from C57BL/6 embryos was higher than in NMRI MEFs
(P< 0.05). The Tgfb1 gene had higher expression in passage 5
MEFs from C57BL/6 embryos than NMRI embryos, whereas
expression of this gene increased in passages 1 and 3 in MEFs from
NMRI compared with C57BL/6 embryos (P< 0.05) (Fig. 3B).

Secretion of Lif and Fgf2 by MEFs from 13.5-day-old and 15.5-
day-old NMRI embryos in passages 1, 3 and 5

Figure 4(A) compares the levels of Lif secretion between 1, 3 and 5
passages of MEFs of 13.5-day-old NMRI embryos. The highest
level of cytokine secretion was observed in passage 1. Lif secretion
showed a significant reduction in passages 3 and 5 compared with
passage 1 (P< 0.05). No significant difference was found between
the levels of Lif secretion in passages 3 and 5.

As shown in Fig. 4(B), Lif was secreted most in passage 3 MEFs
from 15.5-day-old NMRI embryos. The difference between the lev-
els of secretion of this cytokine in passages 1 and 5 compared with
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Figure 2. The relative expression levels of Bmp4, Fgf2, Activin A, Lif and Tgfb1 in passages 1, 3 and 5 of MEFs from 13.5-day-old and 15.5-day-old NMRI embryos determined by
qPCR. (A) Comparison of Bmp4, Fgf2, Activin A, Lif and Tgfb1 expression levels in passages 1, 3 and 5 of MEFs from 13.5-day-old NMRI embryos. (B) Comparison of the relative
expression levels of Bmp4, Fgf2, Activin A, Lif and Tgfb1 in passages 1, 3 and 5 of MEFs from 15.5-day-old NMRI embryos. (C) Comparison of the expression levels of Bmp4, Fgf2,
ActivinA, Lif and Tgfb1 genes in assessed passages of MEFs from 13.5-day-old between 15.5-day-old NMRI embryos. (*) and (**) represent significant differences (P< 0.05) and
(P< 0.001) in gene expression levels, respectively. The experiments were replicated three times.

Figure 3. Comparison of the expression levels of Bmp4, Fgf2, ActivinA, Lif and Tgfb1 genes in passages 1, 3 and 5 of MEFs from 13.5-day-old and 15.5-day-old NMRI between 13.5-
day-old and 15.5-day-old C57BL/6 embryos determined using qPCR. (A) Comparison of Bmp4, Fgf2, ActivinA, Lif and Tgfb1 expression levels in assessed passages of MEFs from 13.5-
day-old C57BL/6 between 13.5-day-old NMRI embryos. (B) Comparison of the relative expression levels of Bmp4, Fgf2, Activin A, Lif and Tgfb1 in passages 1, 3 and 5 of MEFs from
15.5-day-old C57BL/6 embryos between 15.5-day-old NMRI. (*) and (**) represent significant differences (P < 0.05) and (P< 0.001) in gene expression levels, respectively. The
experiments were replicated three times.

554 Choupani et al.

https://doi.org/10.1017/S0967199421000083 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199421000083


passage 3 was significant (P< 0.05). The difference between the
levels of Lif secretion between passages 1 and 5 was not significant.

A comparison of Lif secretion between passage 1 MEFs from
13.5-day-old and 15.5-day-old NMRI embryos showed greater
secretion in MEFs from the 13.5-day-old embryos (P< 0.05).
The highest level of Lif secretion between passage-3 MEFs from
13.5-day-old and 15.5-day-old was observed in passage 3 from
the 15.5-day-old MEFs. However, there was higher Lif secretion
in passage 5 of 15.5-day-old MEFs compared with 13.5-day-old
MEFs (P< 0.001). The difference between the levels of Lif secretion
between passage 5 MEFs from 13.5-day-old and 15.5-day-old
NMRI embryos was not significant (Fig. 4C).

The lowest level of secretion of Fgf2 inMEFs isolated from 13.5-
day-old NMRI embryos was observed in passage 1, which signifi-
cantly differed from passages 3 and 5 MEFs (P< 0.05). There was
no significant difference between passages 3 and 5 MEFs in Fgf2
protein secretion (Fig. 4D).

The highest level of Fgf2 secretion was observed in passage 5
MEFs of 15.5-day-old NMRI embryos, which was significantly dif-
ferent from passages 1 and 3 MEFs (P< 0.001). Although the
secretion level of Fgf2 in passage 3 MEFs was more than that in
passage 1, this increase was not significant (Fig. 4E).

As shown in Fig. 4(F), the expression levels of Fgf2 in passages 1,
3 and 5 of MEFs from 15.5-day-old NMRI embryos was higher
than in the MEFs from 13.5-day-old embryos. This difference
was not significant in passage 1; however, these differences were
significant in passages 3 (P< 0.05) and 5 (P< 0.001).

Secretion of Lif and Fgf2 by MEFs from 13.5-day-old and 15.5-
day-old C57BL/6 embryos in passages 1, 3 and 5

Although Lif secretion in MEFs from 13.5-day-old C57BL/6
embryos was highest for passage 5 MEFs, followed by passage 3

and passage 1, the difference between groups was not signifi-
cant (Fig. 5A).

Lif secretion in 15.5-day-old MEFs from C57BL/6 embryos was
higher in passage 3, followed by passage 5, then passage 1.
However, no significant difference was observed between the stud-
ied groups (Fig. 5B).

A comparison of Lif secretion between passage 1 of MEFs from
13.5- and 15.5-day-old embryos showed that passage 3 of 13.5-day-
old and 15.5-day-old MEFs and passage 5 of 13.5-day-old and
15.5-day-old MEFs of NMRI mice showed that the secretion level
of this factor in all three passages in the 15.5-day-old MEFs was
higher than the 13.5-day-old MEFs, but the difference between
groups was not significant (Fig. 5C).

The highest secretion of Fgf2 was observed in passage 3 MEFs
from 13.5-day-old C57BL/6 embryos, which was significant when
compared with passages 1 and 5 (P< 0.05). The difference between
the levels of secretion of this factor between passages 1 and 5 was
not significant (Fig. 5D).

Figure 5(E) compares the level of Fgf2 secretion between pas-
sages 1, 3 and 5 of MEFs from 15.5-day-old C57BL/6 embryos. The
highest expression of this cytokine was seen in passage 1, which
was significantly different from passages 3 and 5 in the two
MEF groups (P< 0.05). Despite the elevated secretion of Fgf2 in
passage 5 compared with passage 3, this increase was not
significant.

As shown in Fig. 5(F), Fgf2 secretion in passage 1 MEFs of the
13.5-day-old C57BL/6 embryos was greater than passage 1 MEFs
of the 15.5-day-old, but this difference was not significant. The
level of Fgf2 secretion was significantly higher in passage 3
MEFs of the 13.5-day-old embryos compared with the ones from
15.5-day-old embryos (P< 0.001). The level of Fgf2 secretion was
higher in passage 5MEFs of the 13.5-day-old embryos and showed
a significant difference with 15.5-day-old MEFs (P< 0.05).

Figure 4. Lif and Fgf2 secretion by MEFs from 13.5-day-old and 15.5-day-old NMRI embryos. (A) Panel shows Lif concentrations, as measured using ELISA, in medium from feeder
cells from 13.5-day-old embryos in passages 1, 3 and 5. (B) Panel shows Lif medium concentrations from feeder cells from 15.5-day-old embryos in passages 1, 3 and 5. (C) Panel
shows a comparison of Lif secretion between 13.5-day-old and 15.5-day-old NMRI embryos in passages 1, 3 and 5. (D) Panel shows Fgf2 concentrations, asmeasured using ELISA, in
medium from feeder cells from 13.5-day-old embryos in passages 1, 3 and 5. (E) Panel shows Fgf2medium concentrations from feeder cells from 15.5-day-old embryos in passages
1, 3 and 5. (F) Panel shows a comparison of Fgf2 secretion between 13.5-day-old and 15.5-day-old NMRI embryos in passages 1, 3 and 5. The results are presented as the mean ±
standard deviation (SD) of three independent experiments; *P < 0.05, **P< 0.001.
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Comparison of the secretion Fgf2 and Lif by MEFs from 15.5-
day-old NMRI and C57BL/6 embryos in passages 1, 3 and 5

Figure 6(A) compares Lif cytokine secretion between passages 1, 3
and 5 of MEFs from 13.5-day-old and 15.5-day-old NMRI and
C57BL/6 embryos. Lif secretion in the MEFs from 13.5-day-old
embryos was only significant in passage 1 and higher inMEFs from
NMRI embryos compared with C57BL/6 embryos (P< 0.001). No
significant difference was observed between the levels of Lif secre-
tion in passages 3 and 5 of the MEFs from 13.5-day-old NMRI and
C57BL/6 embryos.

A comparison of Lif secretion in the studied passages of MEFs
in 15.5-day-old NMRI and C57BL/6 embryos showed that Lif had
higher expression in all three passages of MEFs from NMRI

embryos compared with C57BL/6 embryos. The difference in
secretion levels was significant only in passage 3 of the two groups
(P< 0.05).

A comparison of the levels of Fgf2 secretion in passages 1, 3 and
5 of MEFs from 13.5-day-old NMRI embryos with those from
13.5-day-old embryos of C57BL/6 mice showed that Fgf2 secretion
was significantly more in all three passages in the C57BL/6 MEFs
than NMRI MEFs (P< 0.001). The secretion level of Fgf2 in pas-
sage 1 MEFs of 15.5-day-old C57BL/6 embryos was higher than in
the NMRI embryo MEFs, but the difference between the two
groups was not significant. The secretion of Fgf2 in passages 3
and 5 MEFs of the 15.5-day-old NMRI embryos was higher than
the C57BL/6 MEFs and was significant for passages 3 and 5
(P< 0.001) (Fig. 6B).

Figure 5. Lif and Fgf2 secretion by MEFs from 13.5-day-old and 15.5-day-old C57BL/6 embryos. (A) Panel shows Lif concentrations, as measured using ELISA, in medium from
feeder cells from 13.5-day-old embryos in passages 1, 3 and 5. (B) Panel shows Lif medium concentrations from feeder cells from 15.5-day-old embryos in passages 1, 3 and 5. (C)
Panel shows comparison of Lif secretion between 13.5-day-old and 15.5-day-old NMRI embryos in passages 1, 3 and 5. (D) Panel shows Fgf2 concentrations, as measured using
ELISA, in medium from feeder cells from 13.5-day-old embryos in passages 1, 3 and 5. (E) Panel shows Fgf2 medium concentrations from feeder cells from 15.5-day-old embryos in
passages 1, 3 and 5. (F) Panel shows a comparison of Fgf2 secretion between 13.5-day-old and 15.5-day-old NMRI embryos in passages 1, 3 and 5. The results are presented as the
mean ± standard deviation (SD) of three independent experiments; *P< 0.05, **P < 0.001.

Figure 6. Comparison of Lif and Fgf2 secretions by MEFs from 13.5-day-old and 15.5-day-old C57BL/6 embryos between 13.5-day-old and 15.5-day-old NMRI embryos. (A) Panel
shows the comparison of Lif concentration levels in assessed passages of MEFs from 13.5-day-old C57BL/6 embryos between 13.5-day-old NMRI embryos, as measured using
ELISA, in medium from feeder cells from 13.5-day-old embryos in passages 1, 3 and 5. (B) Panel shows the comparison of Fgf2 medium concentration levels from feeder cells from
15.5-day-old embryos in passages 1, 3 and 5. The results are presented as the mean ± standard deviation (SD) of three independent experiments; *P < 0.05, **P< 0.001.

556 Choupani et al.

https://doi.org/10.1017/S0967199421000083 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199421000083


Discussion

We investigated the expression levels of Fgf2, Bmp4, ActivinA, Lif
and Tgfb genes as well as secretion levels of the Fgf2 protein and Lif
cytokine in passages 1, 3 and 5 MEFs isolated from 13.5-day-old
and 15.5-day-old embryos from NMRI and C57BL/6 mice.
These strains of mice are commonly used for culturing ESCs
and iPS cells. The study results were analyzed using mRNA
extracted from cultured MEFs as well as standard culture medium
for feeder cells. These results could be used as a basis for the devel-
opment and optimization of cell cultures of different species.

Lif is a polypeptide cytokine that belongs to the interleukin-6
family in terms of structure and mechanism of action. This cyto-
kine is one of the factors secreted by MEFs. The Lif receptor, called
gp130, is phosphorylated and activated using the transcription fac-
tor STAT3 that regulates the transcription of genes involved in plu-
ripotency by entering the nucleus (Ohtsuka et al., 2015).

Although MEFs have been used to isolate and culture PSCs
from zebrafish (Sun et al., 1995), chickens (Pain et al., 1999), rab-
bits (Honda et al., 2010; Honda, 2013), rats (Ueda et al., 2008;
Rajarajan et al., 2012), hamsters (Doetschman et al., 1988; Pei
et al., 2017), goats (Ezashi et al., 2016), sheep (Liu et al., 2012), pigs
(Rajarajan et al., 2012; Ezashi et al., 2016), miniature pigs (Li et al.,
2004), cattle (Ezashi et al., 2016), horses (Ezashi et al., 2016), mice
(Evans and Kaufman, 1981; Martin, 1981; Rajarajan et al., 2012)
and humans (Thomson et al., 1998; Rajarajan et al., 2012), studies
have shown that in mice (Evans and Kaufman, 1981; Martin, 1981;
Rajarajan et al., 2012), chickens (Park and Han, 2000; Fuet and
Pain, 2017), pigs (Ezashi et al., 2016), dogs (Ezashi et al., 2016),
goats (Ezashi et al., 2016), sheep (Liu et al., 2012), hamsters (Pei
et al., 2017), bovine (Ezashi et al., 2016), buffalo (Sharma et al.,
2011) and rabbits (Honda et al., 2010; Honda, 2013), Lif secreted
from feeder cell MEFs had positive effects on the isolation and cul-
ture of ESCs and iPS. Several studies have explicitly stated that this
factor showed no effect on the isolation of PSCs from humans
(Thomson et al., 1998; Rajarajan et al., 2012), ovine (Ezashi
et al., 2016), horses (Li et al., 2006), cattle (Gómez et al., 2010;
Dutton et al., 2019), monkeys (Pau and Wolf, 2004; Shimozawa
et al., 2013) and mice EpiSCs (Tesar et al., 2007).

In our results, we observed inconsistencies in the expression
levels of Lif mRNA and protein in feeder cells and condition
medium. Studies have shown that no direct correlation has been
found between protein concentration and mRNA and this differ-
ence between mRNA and protein concentration was due to factors
such as the differences in half-life of mRNA and protein in the cell
(protein half-life is higher than mRNA), translation regulation,
mRNA degradation, regulation of post-transcription protein,
translation and degradation of the resulting protein (Vogel and
Marcotte, 2012).

As for Lif, Fgf2 is secreted using MEFs (Li et al., 2003). Fgf2
inhibits spontaneous differentiation and enhances the prolifera-
tion and viability of ESCs through receptors that activate the pro-
tein tyrosine kinase (Schmitt et al., 1991). While Fgf2 can
effectively preserve monkey (Pau and Wolf, 2004; Shimozawa
et al., 2013), rat (Li et al., 2009), sheep iPS (Liu et al., 2012), cattle
iPS (Ezashi et al., 2016) and rabbit (Honda et al., 2009) stem cells, it
induces differentiation in mice stem cells (Ginis et al., 2004). In
buffalo ESCs, it results in survival (Sharma et al., 2011) and has
shown negative impacts on horse ESCs (Abavisani et al., 2010).
Fgf2 can stimulate the proliferation of ESCs in pigs (Li et al.,
2004) and cows (Gjørret and Maddox-Hyttel, 2004). The results
of a study have indicated that Fgf2 enhances the ability to bind

and form colonies of human ESCs (hESCs) (Xu et al., 2005;
Rajarajan et al., 2012) and mouse EpiSCs (Tesar et al., 2007) at
the early stages of development, which supports proliferation
and maintenance of hESCs and mouse EpiSCs self-renewal. It
has been shown that Fgf2 content was moderately increased during
the initial period of hESC inoculation in the MEF (Yang
et al., 2016).

In studies conducted by Eisellova and colleagues (Eiselleova
et al., 2004) and Dvorak et al. (2005) it was shown that, despite
the expression of the Fgf2 gene in MEFs, there was no Fgf2 protein
found in the condition medium isolated from these cells, which
was inconsistent with the present study results. A study also has
shown that Fgf2 content from feeders cells derived mouse is not
significant (Teotia et al., 2016). This difference in protein expres-
sion was probably due to the use of different mice strains in
their study.

Our results showed inconsistencies in the expression of Fgf2
RNA and protein in feeder cells and condition medium. This find-
ing might be due to the antisense of Fgf2 mRNA involved in post-
transcriptional regulation of Fgf2 expression (Barclay et al., 2005).

In the present study, levels of Lif and Fgf2 secretion were differ-
ent between assessed passages. In explaining the different behav-
iour of these groups, it can be said that the wide distribution
and number of microtubules in the feeder layer may determine
their cell function and behaviour. In other words, the secretory
activity of cells is related to cell microtubules. The cells with more
microtubules have higher secretory activity and microtubules are
needed by cells to transfer secretory cytokines to the extracellular
fluid and finally to the culture medium (Li et al., 2004). It seems
that amount of microtubules in feeder cells of passages 1, 3 and
5 may be different, but this requires further investigation at the cell
molecular level.

Members of the TGF-β superfamily such as Tgfb1, ActivinA
and Bmp4 have been identified as regulators of some of the most
important developmental interactions. Specifically, Bmp4 plays
important roles in a variety of biological processes such as prolif-
eration, apoptosis, differentiation and morphogenesis (Zarei Fard
et al., 2015). One of the mechanisms of the Bmp4 effect is through
phosphorylation of Smad proteins. However, Bmp4 may also play
a role in mitosis and cell survival by induction of some protein kin-
ase-dependent genes (Zarei Fard et al., 2015). Studies have shown
that the effects of Bmp4 on the function of stem cell types are cul-
ture method (Tilgner et al., 2008), and dose and time dependent
(Zarei Fard et al., 2015) and different species show different behav-
iours against Bmp4. Bmp4 plays an essential role in the mainte-
nance of mouse and rat ESCs pluripotency (Zarei Fard et al.,
2015), but in rabbit ESCs differentiates these cells into trophoblasts
(Tao et al., 2008). The short-term effect of this factor on hESCs
causes these cells to differentiate into mesoderm (Zhang et al.,
2008), whereas the long-term effect of Bmp4 on hESCs induces tro-
phectoderm differentiation in these cells (Xu et al., 2002). A study
has shown that Bmp4 induces differentiation to the primary ecto-
derm in monkey ESCs (Kobayashi et al., 2008). The suppression of
Bmp4 in ESCs and iPS of pigs has been shown to increase the plu-
ripotency properties of these cells (Choi et al., 2019).

Activin A is one of the important factors involved in growth and
maintenance of the pluripotency state of hESCs. This factor is
largely secreted by MEFs (Beattie et al., 2005). ActivinA stimulates
the transcription factors of OCT4 and NANOG in hESCs and
mouse EpiSCs. Activin A in these cells stimulates the expression
of growth factors such as Nodal, Wnt3, Bfgf and Fgf8 (Xiao
et al., 2006). Activin A in murine ESCs clearly induced
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differentiation into mesendoderm, endoderm (Sulzbacher et al.,
2009). Studies have also shown that one of the most important fac-
tors that affects the differentiation efficiency of hESCs is Activin A
(Beattie et al., 2005), which may play a role in enhancing cell pro-
liferation by enhancing Activin A levels to increase cell prolifera-
tion. Activin A inhibits neural differentiation (Hashimoto et al.,
1990). The secretion of low levels of Activin A by MEF accelerates
the differentiation of hESCs into retinal pigment epithelial cells
(Hongisto et al., 2012). Activin A also helps to preserve pluripo-
tency and the proliferative potential of hiPS cells (Tomizawa
et al., 2011). It is also required for the separation and maintenance
of pig (Yang et al., 2017) and rat ESCs (Li et al., 2009) as well as self-
renewal and reprogramming of pig cells to produce pluripotent
cells (Yang et al., 2017). However, this factor has no effect on
the growth of pig ESCs but is strongly needed to maintain the cell’s
undifferentiated state (Choi et al., 2019).

As for Activin A, Tgfb1 is one of several growth factors that
helps to maintain hESCs andmouse EpiSCs in the undifferentiated
state (Saha et al., 2008). A study has shown that the combination of
Tgfb1 and Activin A suppresses spontaneous differentiation of
hESCs (Saha et al., 2008). Both of these factors inhibit the differ-
entiation of embryonic bodies derived from hESCs into endoderm
and ectoderm cells, but stimulates differentiation into mesoderm
(muscle) cells (Schuldiner et al., 2000).

This study showed that the expression levels of Fgf2, Bmp4,
ActivinA, Lif and Tgfb genes, as well as the level of the Fgf2 protein
and Lif cytokine secretion in the passages, for mice of similar ages,
between the two mice strains were different. Schnabel and col-
leagues showed that the genetic background of mice affected the
efficiency of producing iPS from MEFs, the pluripotency stability
of isolated cells, the efficiency of iPS cell production and the plu-
ripotent stability of fibroblasts with a different genetic background.
This was due to differences in the proliferation of parent MEFs
with different genetic backgrounds (Schnabel et al., 2012). In
another study, feeder cells isolated from different mice strains
had different effects on the proliferation and colony formation
of spermatogonial cells cultured on these cells (Azizi et al.,
2019). On the one hand, it has been shown that the treatment
of MEFs with mitomycin C could change the expressions and con-
centrations of growth factors in the culture medium (Xie et al.,
2004). On the other hand, previous studies have shown that cells
from different mice strains showed different behaviours to toxins
and medications (Assadollahi et al., 2019c). According to these
studies, it seems that the differences in expression levels of the
studied genes and the secretion of Fgf2 and Lif factors in the similar
groups between the two strains was related to the genetic back-
ground of these two strains.

In summary, the present study showed that expression levels of
Fgf2, Bmp4, ActivinA, Lif and Tgfb genes and secretion of Fgf2 and
Lif factors were affected by age of embryo, MEF cell passage num-
ber and genetic background of mice and also showed different
results. According to the study results, we suggest that researchers
use mice embryos that have different genetic backgrounds, in addi-
tion to different MEF passages, when producing MEFs based on
the application and type of their study.
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